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a b s t r a c t

We report the first investigation of the structural stabilities and elastic properties of covalent organic
frameworks (COFs), a new class of porous crystalline materials. Representative 2D COFs were found to
prefer shifted AA stacking, somewhat similar to graphite. The shear moduli of 2D COFs are exceedingly
small, suggesting that the layer–layer coupling in 2D COFs is rather weak, and stacking faults may widely
exist. Representative 3D COFs were found to exhibit relatively low elastic stiffness overall. In particular,
COF-108, the least dense crystal known, exhibits rather low bulk and shear moduli. Our findings provide
important structural and physical details to be considered in the further development of COF materials.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Covalent organic frameworks (COFs), consisting of strong cova-
lent bonds (B–O, C–O, C–C, etc.) connected by organic linkers, are a
new class of porous, crystalline, coordination framework com-
pounds [1–3]. Their high surface areas (up to �5000 m2/g), large
free volumes, and low densities (as low as 0.17 g/cm�3) make these
materials promising for a variety of applications. In particular, they
are considered as new candidates for gas storage [1–6]. Since the
initial report [1] in 2005, dozens of new COF compounds have been
synthesized, mostly by Yaghi’s group. COFs can be categorized into
two groups: Two-dimensional (2D) COFs with layered structures
and three-dimensional (3D) COFs with network structures. As for
other porous coordination framework materials [e.g., zeolites,
metal–organic frameworks (MOFs), etc.], structural stability is an
important issue for COFs, since from a thermodynamics viewpoint,
microporous structures are all metastable with respect to dense
structures. The pores of as-synthesized COFs often contain chemi-
cal solvents or precursors used during the solvothermal synthesis
processes [1–3]. How to activate the material (i.e., remove the
guest molecules) without collapsing the framework pore structure
represents an additional complication. Indeed, only a few members
in the COF family have been successfully activated thus far [5]. For
COFs that were experimentally found difficult to activate, one may
wonder if the structures would maintain integrity at all after
removing the guest molecules.
ll rights reserved.
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In this study, we try to address this fundamental issue of COF
materials by theoretically evaluating the structural stabilities and
elastic properties of four representative COF compounds: COF-1
(C3H2BO), COF-5 (C9H4BO2), COF-102 (C25H16B4O4) and COF-108
(C49H24B4O8). The first two are prototypical 2D COFs while the
latter two are prototypical 3D COFs.

2. Computational method

To perform our calculations, we used the self-consistent Density
Functional based Tight Binding (DFTB) method [7], as implemented
in the DFTB+ package [8]. The DFTB method is based on a second-
order expansion of the Kohn-Sham total energy in Density-
Functional Theory (DFT) with respect to charge density fluctua-
tions [7]. It combines the reliability of DFT and the efficiency of
the tight binding approach. The computational cost needed by a
DFTB calculation is typically two orders of magnitude smaller than
a corresponding DFT calculation, making it highly attractive for cal-
culations on extended framework structures, in particular those
with large unit cells that contain several hundreds or even thou-
sands of atoms. The ‘matsci’ parameter set, which includes
Slater–Koster files developed specifically for ‘B–O–C–H frame-
works’, was adopted in our calculations [9]. For 2D COFs, correction
for dispersive interactions based a Slater–Kirkwood type model
[10] was also included in the calculation, which was found to be
critical for the proper treatment of the interlayer van der Waals
(vdW) interactions (same calculation without vdW correction
leads to unphysical, large interlayer distances).

Since this was the first time that the DFTB approach was applied
to COF calculations, it was important to test how well the adopted
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parameter set works. For this purpose, selected calculations were
also performed using the higher level DFT method. We used the
Quantum ESPRESSO package [11], Vanderbilt-type ultrasoft
pseudopotential with Perdew–Burke–Ernzerh (PBE) exchange cor-
relation. A suitable k-point mesh (2 � 2 � 5 for 2D COFs and
1 � 1 � 1 for 3D COFs) and a 410 eV cutoff energy were found en-
ough for the total energy to converge within 0.5 meV per atom. For
2D COFs, the dispersive interaction was also corrected using a
semi-empirical method [12]. As shown below, whenever possible,
we directly compared the DFTB results with the more accurate DFT
results and/or experimental data. This gave us necessary confi-
dence in the accuracy of our DFTB calculations for COFs.
3. Results and discussion

3.1. 2D COFs: COF-1 and COF-5

As-synthesized COF-1 (containing residual mesitylene guest
molecules) was reported to have a 2D structure with staggered
AB layers (P63/mmc) [1]. The interlayer distance derived from X-
ray diffraction is �3.33 Å. After activation, the compound was
found to remain crystalline, but with some shifting of the layers
[1]. In our calculations, we therefore considered two possible
structure models (see the inset of Figure 1) for the fully activated,
guest-free COF-1 compound: a structure with layers with AB stack-
ing (P63/mmc, same as as-synthesized COF-1) and a structure with
layers with AA stacking (P6/mmm). We calculated the energy as a
function of interlayer spacing for both structures, with the in-plane
lattice parameters fixed at the experimental values. The results are
shown in Figure 1. Clearly, the AB-stacked structure with an inter-
layer distance of �3.33 Å would not remain stable and will shrink
along the c-axis direction. The AA-stacked structure has a slightly
lower energy [by �140 meV per chemical formula of 6(C3H2BO)]
than the AB-stacked structure in equilibrium, suggesting that an
AA-stacked structure is preferred.

Our full optimization of the COF-1 structure with AA stacking
gave the following equilibrium lattice constants: a = b = 14.90 Å,
c = 3.24 Å (at zero temperature and pressure), which are fairly close
to those of as-synthesized COF-1 obtained experimentally at RT
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Figure 1. Calculated total energies of the COF-1 structures with AB stacking (red)
and AA stacking (blue) as a function of interlayer spacing. The energy is normalized
to the chemical formula of 6(C3H2BO), and shifted so that the equilibrium AA-
stacked structure has zero energy. Structures shown in inset are 2 � 2 � 1
supercells, in the [0 0 1] direction, with top layer highlighted for clarity. Color
scheme of atoms: B, pink; C, gray; O, red; and H, white. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of
this article.)
(a = b = 15.42 Å, c = 3.33 Å). (In comparison, DFT–PBE calculations
give similar equilibrium lattice constants a = b = 15.50 Å, c =
3.38 Å.) To test if the AA-stacked structure is indeed a stable struc-
ture for COF-1, we directly calculated its elastic properties. For a
hexagonal crystal, there are five independent elastic coefficients:
c11, c12, c13, c33 and c44. Therefore, we applied five symmetry-inde-
pendent strains: (c, c, 0, 0, 0, 0), (c, �c, 0, 0, 0, 0), (0, 0, c, 0, 0, 0),
(0, 0, 0, 0, 2c, 0) and (c, c, c, 0, 0, 0) to extract the five unknowns
[13,14]. We carefully chose the value of c in the general range of
[�0.05, +0.05] to make sure that the energy difference induced
by the strain is significantly above the calculation error, while at
the same time the distortion of the crystal is small enough so that
it is within the linear elastic region. Atomic positions were fully
optimized for all strained structures. From the least-squares fit of
the total energy vs. strain data [15] (not shown), we found that
c11 = 143.7 GPa, c12 = 123.5 GPa, c13 = �0.1 GPa, c33 = 11.8 GPa and
c44 = �0.4 GPa. In a system of hexagonal elastic symmetry, the sta-
bility requirements are: c11 > |c12|, c33(c11 + 2c12) > 2(c13)2, c11c33 >
(c13)2 and c44 > 0. Clearly, the negative value of c44 suggests that
the crystal cell is not stable under in-plane shear.

Guided by this finding, we further investigated how the system
energy changes when we slide two adjacent layers against each
other by scanning a fine mesh of shifts in both in-plane directions.
Interestingly, small shifting (within 1 Å) between the two adjacent
layers was indeed found to further decrease the total energy of the
system. There actually exist several possible ways of layer–layer
arrangements that deviate slightly from the straight AA-stacked
structure, and were metastable [we hereafter collectively refer to
these structural possibilities as ‘shifted AA-stacked structures’,
with two representative examples (a ‘tilted AA-stacked structure’
and an ‘AA0-stacked structure’) shown in Figure 2a and b]. This
finding is not only consistent with the negative value of c44 ob-
tained for the straight AA-stacked structure, but also in excellent
agreement with previous experimental observation: the X-ray dif-
fraction pattern of the activated COF-1 sample differs significantly
from that of as-synthesized COF-1 [1], and we noticed that it actu-
ally closely resembles the simulated pattern of a shifted AA-
stacked structure. The existence of several variations of layer–layer
stacking with similar energies also suggests that the actual COF-1
material would contain many local disorders (stacking faults,
etc.), and exhibit an overall modest crystallinity. This is again in ac-
cord with the broad diffraction peaks observed experimentally for
COF-1, as reported previously [1].

Next we discuss COF-5. As-synthesized COF-5 was reported to
possess a 2D structure with eclipsed layers in straight AA stacking
(P6/mmm) [2]. Activation was found not to change the stacking
arrangement of the layers [2]. Our full optimization of a guest-free
COF-5 structure with straight AA stacking gave the following equi-
librium lattice constants: a = b = 30.05 Å, c = 3.30 Å, which are
again fairly close to those of as-synthesized COF-5 obtained exper-
imentally (a = b = 29.70 Å, c = 3.46 Å). (In comparison, DFT–PBE cal-
culations give similar equilibrium lattice constants a = b = 29.85 Å,
c = 3.49 Å.) Similar to COF-1, the elastic constant calculation pro-
duces a negative value for c44 = �0.2 GPa, suggesting cell instability
against in-plane shear. A small shifting (within 1 Å) between two
adjacent layers was also found to be able to further decrease the
total energy, and stabilize the system. Figure 2c and d shows two
typical examples of such shifted AA layer–layer arrangements.
Same as COF-1, the actual COF-5 material may be rich in stacking
faults, with modest long-range order.

The preference of shifted AA stacking over straight AA stacking
is very likely due to a system requirement of optimal stacking of
p-orbitals between two adjacent COF layers, somewhat similar to
the case of graphite. Indeed, the stacking of the aromatic rings of
the organic linker in both COF-1 and COF-5 is essentially the same
as the stacking of graphene layers in graphite (see Figure 2). Since



Figure 2. Structures of shifted AA-stacked COF-1 and COF-5. Both top view and side view are shown for each structure. Instead of a straight AA stacking, the 2D COF layers
prefer a way of stacking similar to that in graphite, presumably with maximized p–p interaction between the aromatic rings in two adjacent layers. For clarity, top layers are
highlighted. Color scheme of atoms are the same as in Figure 1. (For interpretation of the references in color in this figure legend, the reader is referred to the web version of
this article.)
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the energy gain of such stacking is not trivial, we believe that what
we found here might be a general result for 2D COFs, particularly
for those with organic linkers containing a large number of phenyl
rings, i.e., other 2D COFs (e.g., COF-6, COF-8, COF-10, etc.) are very
likely to undergo shifted AA stacking with abundant stacking
disorder.

Due to the lowered symmetry (C2/m, monoclinic lattice for the
tilted AA-stacked structure; P21/m, monoclinic lattice for the AA0-
stacked structure) and many other possible stacking variations,
we did not perform full elastic constant calculations on the shifted
AA-stacked structures. A calculation of c44 for the two representa-
tive AA0-stacked COF-1 and COF-5 structures gave small positive
values, 0.5 and 0.1 GPa, respectively. Thus, the shifted AA-stacked
crystal cells are likely stable, although the energy cost of layer–
layer sliding would still be rather small. We emphasize that this
low shear modulus is not totally unexpected. 2D COFs in many
ways resemble ‘graphitic materials with pores’, with weak layer–
layer coupling. Indeed, graphite is known to have a low shear mod-
ulus of �4 GPa, and that of some highly defected graphite (e.g.,
pyrographite or highly oriented pyrolitic graphite) could be as
low as 0.2 GPa [16].

3.2. 3D COFs: COF-102 and COF-108

Three-dimensional COFs, in general, exhibit much higher crys-
tallinity and better defined structures than 2D COFs. This naturally
makes our calculation and discussion much more straightforward.
COF-102 and COF-108 both have cubic crystal symmetry, with
space groups: I�43d and P�43m, respectively (see Figure 3) [2]. The
crystal densities of these two compounds are extraordinarily low
(0.41 and 0.17 g/cm�3, respectively), and COF-108 is believed to
be the least dense crystal known [2]. The high porosities and ultra-
low densities make it highly interesting to study their crystal cell
stabilities and elastic properties.

Full optimization of the COF-102 and COF-108 structure results
in equilibrium lattice constants a = 26.86 and 28.10 Å, respectively,
fairly close to the experimental values [2] of 27.18 and 28.40 Å. (In
comparison, DFT–PBE calculations give similar equilibrium lattice
constants a = 27.20 and 28.33 Å, respectively.) We then calculated
the elastic moduli of the two crystals and examined whether the
resulted elastic constants satisfied the criteria for crystal stability.
For a cubic crystal, there are three independent elastic coefficients
c11, c12 and c44. Therefore, we applied three symmetry-indepen-
dent strains: [c, c, (1 + c)�2 � 1, 0, 0, 0], [c, c, c, 0, 0, 0] and
[0, 0, c2(4 � c2)�1, 0, 0, c] to extract the three unknowns [17]. The
first strain is a volume-conserving tetragonal deformation along
the c-axis; the second one refers to uniform hydrostatic pressure;
the third one corresponds to a volume-conserving orthorhombic
shear. Again, we carefully choose c to ensure the calculation accu-
racy and the validity of the harmonic approximation. All strained
structures were fully optimized with respect to atomic positions.
The least-squares fit of the total energy vs. strain data are shown
in Figure 4 for both COFs. The quality of the data fit is reasonable.
We found that c11 = 22.9 GPa, c12 = 21.0 GPa and c44 = 1.5 GPa for
COF-102, and c11 = 5.5 GPa, c12 = 4.5 GPa and c44 = 1.0 GPa for
COF-108. For a cubic crystal, the Voigt Bulk Modulus



Figure 3. Crystal structures of (a) COF-102 and (b) COF-108, both of which are 3D COFs. 2 � 2 � 1 supercells are shown, in the [0 0 1] direction. Color scheme of atoms are the
same as in Figure 1. (For interpretation of the references in color in this figure legend, the reader is referred to the web version of this article.)
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B = (c11 + 2c12)/3, thus we obtained 21.6 and 4.9 GPa for COF-102
and COF-108, respectively. In terms of crystal stability, the calcu-
lated elastic moduli of both COFs clearly satisfy the stability crite-
ria for a cubic system (i.e., c11 > c12, c11 + 2c12 > 0 and c44 > 0).

We note that the elastic moduli in both COFs are relatively
small; in particular, the shear modulus c44 is quite small, only
slightly larger than those of 2D COFs. However, these are compara-
ble to those of many other 3D porous coordination framework
materials. For example, metal–organic framework-5 (MOF-5, a
well-known, benchmark, porous framework compound) exhibits
c11 = 25.5 GPa, c12 = 12.2 GPa and c44 = 0.9 GPa according to our
DFTB calculations (which agree reasonably well with our previ-
ously reported results [18] derived from higher level DFT calcula-
tions: c11 = 29.4 GPa, c12 = 12.6 GPa and c44 = 1.2 GPa). In terms of
overall mechanical strength, 3D COFs also compare well with many
well-known polymeric materials (such as high-density
polyethylene).

Comparing COF-102 and COF-108, it appears that 3D COFs with
higher porosity and lower density may generally have weaker
mechanical strength, as one would expect. COF-108, the least
dense crystal known, has a quite low shear modulus, coupled with
a rather low bulk modulus, putting it in a dangerous zone very
close to structural instability. Interestingly, we note that although
successful experimental activation of COF-102 has been reported
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in the literature, the same is not true for COF-108. Thus, it is not
clear whether the COF-108 structure would retain its high crystal-
linity upon the removal of guest molecules. We expect that a
molecular dynamic simulation at finite temperature may provide
some insight on this topic, and such a task is currently ongoing
in our group.

4. Summary

In summary, we have investigated the structural stability and
elastic properties of four prototypical COFs. 2D COFs were found
to prefer a shifted AA interlayer stacking, different from previously
generally-believed straight AA or AB stacking. The shear modulus
of 2D COFs are very low, comparable to that of highly defective
graphite. 3D COFs were also found to possess very modest bulk
and shear moduli, similar to typical MOFs. COF-108, in particular,
is very close to structural collapse due to its high porosity and
low elastic stiffness. These fundamental structural and physical
characteristics of COFs provide important information for the fur-
ther development of their potential applications.
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